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Abstract 
The increasing awareness of the urban heat island (UHI) effect has raised the attention for monitoring and evaluating the outdoor 
thermal comfort in cities worldwide. The urban microclimate is an important factor for pedestrians’ health, but it also affects the 
urban air quality, the energy use of buildings, citizen wellbeing, and urban sustainability. Issues related to the urban microclimate 
are becoming more acute in cities given the increasing rates of urban development and construction. In this paper, UHI mitigation 
strategies in the city of Toronto are assessed. This paper also compares different urban forms according to their orientations, 
height of wall enclosure, and use of vegetation. The effects of cool surfaces (on the roofs, on the street pavements, or by 
additional vegetation) are evaluated through numerical simulations using the software ENVI-met. After having obtained the 
surface temperature, outdoor air temperature, and mean radiant temperature, this study compares three urban areas according to 
the possible mitigation of net surface radiation and thermal radiative power. The results demonstrate that the duration of direct 
sun and the mean radiant temperature, which are strongly influenced by the urban form especially in denser areas of the city, play 
a significant role over the urban thermal comfort. This research supports a sustainable urban development in a cold climate, such 
as that of Toronto. The final scope of this paper is to suggest design strategies for a more resilient urban planning. 
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Peer-review under responsibility of organizing committee of the International Conference on Sustainable Design, Engineering 
and Construction 2015. 
Keywords: Urban heat island; Environmental simulation; Urban surface albedo; Cool roof; Urban vegetation 
1. Introduction 
Modeling the relationships between buildings and the surrounding outdoor environment for controlling the urban 
climate and outdoor thermal comfort is a multidisciplinary task [1-3]. In view of the negative impacts of the urban 
heat island (UHI) effect, particularly on energy use, air quality and human health and its significant impact on urban 
comfort, many researchers are focusing on the possible strategies for mitigating UHI at the scale of neighbors [4-6]. 
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Preliminary results have shown the importance of the urban design on the microclimate of outdoor spaces and urban 
canopy layers [7-9]. The effects of some detailed urban planning technologies, such as green roofs or urban 
vegetation both in warm and cold climates have been demonstrated [10,11]. However, there is still a lack of general 
rules for mitigating UHI effect and creating more sustainable cities. 
The present study focuses on the city of Toronto, the largest urban area in Canada. This city is characterized by a 
variety of urban morphologies: downtown is dominated by the high-rise buildings of the financial district, with 
many buildings reaching heights above 100 meters; however, as the city expands outward, the morphology changes 
to a mix of mid-rise and residential neighborhoods often consisting of single detached dwellings. Given the large 
transformation that Toronto is facing in its urban design, with more high-rise buildings than in any other city in 
North America, it was decided to investigate how urban design influences the outdoor thermal comfort in the city, 
and how it may improve it. The case study is hence carried out to evaluate UHI mitigation strategies in this cold 
climate. 
2. Methodology 
2.1. Selected urban areas 
Three locations of the city were selected to represent the detached house area, middle-rise area, and high-rise 
area. The land use and building height in each area are shown in Table 1. This table also reports the building surface 
cover in terms of building density and average height. The three area object of the following analysis cover an area 
of 300×300 m2; a 3×3×3 m3 grid was used for the investigation (Fig. 1).  
  
Table 1. Land use and building height properties in each area. 
 Detached Middle-rise High-rise 
Land surface cover 
(%) 
Building 34.5 45.1 54.8 
Road asphalt 16.1 15.2 11.4 
Pavement 26.5 27.8 32.4 
Soil 22.9 12.0 1.4 
Building height (m) 
Average value 9 20 54 
Median value 9 12 54 
 
Table 2. Details of initialization input parameters for the simulations in ENVI-met. 
 15th January, 2013 15th July, 2013 
Starting time 21:00 pm 21:00 pm 
Wind speed 2.6 m/s 1.5 m/s 
Wind direction West West 
Temperature 273.15K (0˚C) 301.15K (28 ˚C) 
Relative humidity at 2m 51% 58% 
Building interior temperature 293.15K (20 ˚C) 299.15K (26 ˚C) 
 
Table 3. Detail of input setting in the simulation models for different UHI mitigation strategies. 
  
Albedo of 
street 
pavements 
Albedo of 
roof 
Vegetation cover 
  Detached Middle-rise High-rise 
1 Base (B) 0.2 0.3 26.6% 13.5% 1.5% 
2 Cool Pavement (CP) 0.4 0.3 26.6% 13.5% 1.5% 
3 Cool Roof (CR) 0.2 0.7 26.6% 13.5% 1.5% 
4 Green (G) 0.2 0.3 36.6% 23.5% 11.5% 
5 Cool City (CC) 0.4 0.7 36.6% 23.5% 11.5% 
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Fig. 1. Images of the three selected areas (from left to right: Seaton village, Garden district, and Financial district). From top to down: aerial 
satellite view pictures; CAD maps; input file images of base model for ENVI-met simulations; input file images of the model with more 
vegetation (green)  for ENVI-met simulations. Black dots are presenting the location of receptors in the streets. 
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2.2. Urban environmental simulation 
ENVI-met, a three-dimensional computer software that simulates micro-scale thermal interactions within urban 
environments, was used. ENVI-met is designed to simulate the surface-plant-air interactions. It has a typical spatial 
resolution from 0.5m to 10m, and a temporal resolution of 10 seconds. A simulation should typically carried out for 
at least 6 hours, but a 24 hours is more usual. The optimal time to start a simulation is at night or sunrise, so that the 
simulation can follow the solar radiation daily increase. ENVI-met requires an area input file with the 3-dimensional 
geometry, and a configuration file, with the initialization input parameters [12-14]. In this research, typical winter 
and summer days are selected for simulation. The initial input parameters are reported in table 2. 
In order to compare the effects of different UHI mitigation techniques in the three urban locations, five models 
for each location were considered (Table 3): 
1. Base model: it represents the current condition of each location; 
2. Cool pavement model: asphalt roads are replaced with concrete pavement with higher surface albedo and 
lower heat capacity (Table 4). The surface albedo in the cool pavement model is 0.4, which is 0.2 higher than 
that of asphalt road. The heat capacity of concrete pavement is assessed only for the first 30 cm since ground 
temperature range on a steady value at a depth below 30 cm [15]; the unit heat capacity with cool pavement 
was 35% lower than that of the asphalt road; 
3. Cool roof model: with a roof albedo of 0.7, which is 0.4 higher than in the base model; 
4. Green model: with a vegetation coverage ratio 10% higher than in the base model (Table 5); 
5. Cool city model: a combination of the three previous UHI mitigation techniques (cool pavement, cool roof, 
and green models). 
 
              Table 4. Asphalt road and cool pavement characteristics for simulation.               Table 5. Vegetation coverage in the base and green 
models 
 
Surface 
Albedo 
Thickness 
(m) 
Volumetric 
heat capacity 
(J/m3·K) 
Heat capacity 
per unit 
(J/K) 
 
Coverage (%) Detached Middle -rise 
High 
-rise  
  Tree 20.4 9.6 1.0 
Asphalt 
road 
Asphalt 0.2 0.250 2.25 
0.62 
 Base Grass 6.2 3.9 0.5 
Loam soil - 0.050 1.21   Total  26.6 13.5 1.5 
Cool 
pavement 
Concrete 0.4 0.035 2.08    Tree 28.1 15.6 7.4 
Sand - 0.015 1.46 0.40  Green Grass 8.5 7.9 4.1 
Loam soil - 0.250 1.21    Total  36.6 23.5 11.5 
2.3. Assessing parameters  
The Net Radiation (Rn) represents the arithmetic difference between the received solar radiation and the outgoing 
terrestrial radiation. In this research, the Rn of the ground surface is calculated to evaluate its effect on the urban 
environment using the following equation [16]: 
Rn = G + H + LE,                           (1) 
where G is the soil heat flux (W/m2), H is the sensible heat flux (W/m2), and LE is the latent heat flux (W/m2) 
The Thermal Radiative Power (TRP) of a surface is the amount of heat that it is released from the surface to the 
ambient environment, and it may be used to assess the impact of that surface solar reflectance on the UHI effect [5]. 
In this research, the TRP of roof surface is calculated to evaluate the thermal contribution from the roofs to the 
environment. The TRP considers the heat emission properties of the surface materials, its area, and temperature, 
according to the following equation: 
TRP = ɛ·σ·A·T4,                           (2) 
where ɛ is emissivity (soil: 0.92-0.96; concrete: 0.94; asphalt: 0.9-0.98); σ is the Stefan-Boltzmann constant 
(5.67×10-8 W·m-2·K-4), A is the radiating area (m2), and T is the temperature (K). 
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3. Results 
3.1. The effect of cool pavement 
In the cool pavement model, the road material was changed from asphalt to concrete. The albedo of concrete is 
0.2 higher than that of asphalt (from 0.2 to 0.4), and the heat capacity 35% lower. Therefore, more short-wave 
radiation was reflected, and less heat could be stored in the ground surface of the cool pavement model. Looking at 
the range of ground surface temperature at 12:00pm (Fig. 2), the maximum ground surface temperature reduced by 
2.0 ˚C in the detached area, 0.6 ˚C in the middle-rise area, and 8.5 ˚C in the high-rise area; at the same time, the 
median ground surface temperature reduced by 0.2 ˚C in the detached area, 1.2 ˚C in the middle-rise area, and 0.8 ˚C 
in the high-rise area. At mid-night, the median ground surface temperature in cool pavement model was slightly 
lower than in the base model, with a temperature difference around 0.2 ˚C. 
The net radiation shows the effect of pavement in the middle-rise area is higher than in the other areas. This is 
because middle-rise area has lower tree cover than in detached house area, less shadow from the buildings than in 
high-rise area, and more ground surface is exposed to the sun during day-time. As a result, the reduced Rn average 
in the middle-rise area (0.009 W/m2) is higher than that in detached area (0.006 W/m2). 
 
Fig. 2. Comparison of the max, minimum, 50% percentile, and median ground surface temperature and ground net radiation between base model 
(B) and cool pavement model (CP) for one hour at mid-day and mid-night in a summer day in three locations of Toronto (detached house area, 
middle-rise area, and high-rise area). 
3.2. The effect of cool roof 
Increasing the roof albedo from 0.3 to 0.7, the median roof surface temperature in the mid-day is decreased by 
9.6 ˚C in the high-rise area) to 11.3 ˚C in the detached area; similarly the range of roof surface temperature is 
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reduced by about 50% of that in the base models (Fig. 3). In the night-time, the roof surface temperature differences 
between the base models and the cool roof models are below 0.01 ˚C. This is because high surface albedo provides a 
high reflection in a solar radiative environment only. Therefore, the average TRP from roof surfaces reduces using 
high reflective roofing from 0.07 kW/m2 in the high-rise area to 0.08 kW/m2 in the detached area, but the TRP 
differences in the night-time are below 2×10-5 kW/m2. 
 
Fig. 3. Comparison of the max, minimum, 50% percentile, median roof surface temperature and thermal radiative power between base model (B) 
and cool roof (CR) model for one hour at mid-day (12:00pm) and the mid-night (1:00am) in a summer day in three locations of Toronto 
(detached house area, middle-rise area, and high-rise area).. 
3.3. The effect of urban vegetation 
Figure 4 shows the change of Ta and MRT in a summer day by adding 10% of urban vegetation coverage, the Ta 
could be reduced by over 0.5 ˚C after 12:00pm. The biggest reduction could be observed at 16:00pm, with a value of 
0.6 ˚C in the middle-rise area, and 0.8 ˚C in the detached and high-rise areas. In the base models, the MRT in high-
rise area is the lowest and that in detached area is the highest. This is because the high building density generates a 
deeper urban canopy, so that less solar radiation directly reaches the ground level. However, increasing urban tree 
cover would protect pedestrian from direct sunshine, and reduce MRT, improving the thermal comfort in summer in 
any model. The biggest MRT reduction was observed at 9:00am (27.3 ˚C) and 16:00pm (15.3 ˚C) in the detached 
area, at 10:00am (4.4 ˚C) and 17:00pm (7.4 ˚C) in the high-rise area, and at 9:00 am (3.8 ˚C) and 18:00pm (4.1 ˚C) 
in the middle-rise area. 
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Fig. 4. Average air temperature (Ta) and mean radiant temperature (MRT) change at 1.8m above the ground on a typical summer day (from 4am, 
15 July, to 4am the next day) in three locations of Toronto with the base model (B) and with an addition of 10% of vegetation (green models - G). 
3.4. The cumulative effect of UHI mitigation techniques  
Section 3.2 showed that cool pavement could provide an air temperature (Ta) reduction in the mid-day, but the Ta 
reduction during the night-time is not significant. The Ta reduction in winter is only about 10% to 15% of the 
reduction in summer. Mean radiant temperature in cool pavement model was higher than in the base model because 
the high reflectivity of cool pavement effects to the radiation environment (Fig. 5). 
 
Fig. 5. Reduced air temperature (Ta) and mean radiant temperature (MRT) in the mid-day (12:00 am, 15th July and 15th January) and mid-night 
(1:00 am, 16th July and 16th January) by implementing the three UHI mitigation techniques described in this paper. 
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Roof surface is an important element for urban microclimate as shown by the contribution that cool roofing could 
give to air temperature reduction in the mid-day (although a small reduction on MRT was obtained). High-rise area 
shows a small reduction, because roofs in the high-rise area are far from street level (1.8m from the ground).  
In summer, more vegetation provides larger effects on UHI mitigation than cool pavement and cool roof. The air 
temperature and MRT reduction in high-rise area is larger than the other areas, because the larger open spaces occur 
in the high-rise area. However, in winter, the tree leaves will fall off, and tree shading could not effect to the urban 
environment as in summer. The Ta of green model in winter is slightly higher than that in the base model because 
the bigger amount of soil surface in green model has lower albedo than the concrete surface. Fig. 5 also shows that a 
cool city model which combines the three UHI mitigation techniques investigated in this paper could have a Ta 
reduced by 0.7˚C at mid-day of summer and 0.55˚C at mid-night. The effect in winter was generally negligible. 
4. Conclusions 
Simulation studies have been carried out for evaluating the effect of three UHI mitigation techniques in three 
locations of Toronto. The effect of cool pavement in middle-rise area is higher than that in detached house area and 
high-rise area; the effect of cool roof in high-rise area is lower than that in detached house area and middle-rise area. 
These two solutions could provide Ta reduction during the day-time of summer, but not significant in night-time. 
Increasing 10% of urban vegetation could reduce the Ta and MRT all through the day and night-time up to 0.8 ˚C. 
The highest reduction was observed in the high-rise area. Finally, the effect of UHI mitigation techniques in winter 
are insignificant compared to the results in summer. Hopefully, these detailed results could contribute to show the 
value of UHI mitigation techniques for sustainable urban planning in Toronto, as well as in other Canadian cities.  
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